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Abstract. This paper presents a new design modification of Hybrid Excitation Flux Switching 
Machine (HEFSM) in which the initial Field Excitation Coil (FEC) in theta direction is replaced 
with FEC in radial direction. Obviously, the new design has advantages of preventing flux 
cancellation between FEC and armature coil windings. With similar design restrictions and 
specifications of existing electric motor used in traction drive applications, initial performances of 
the proposed HEFSM are evaluated based on 2D-FEA. Design modification by using deterministic 
optimization approach is conducted in effort to achieve the optimum performances. After several 
cycles of iteration, the improved HEFSM with FEC in radial direction has achieved torque and 
power of 304.8Nm and 130kW, respectively. 
Introduction 
Generally, flux switching machine (FSM) can be categorized into three groups that are 
permanent magnet flux switching machine (PMFSM), field excitation flux switching machine 
(FEFSM), and hybrid excitation flux switching machine (HEFSM). Both PMFSM and FEFSM has 
only permanent magnet (PM) and field excitation coil (FEC), respectively as their main flux 
sources, while HEFSM combines both PM and FEC on the stator [1-2]. For PMFSM, since only 
PM is used as their main magnetic flux generation, the construction is more simple and easy when 
compared to FEFSM and HEFSM. However, the constant PM flux is difficult to control and the 
cost of PMFSM is also slightly higher compared to other design due to high volume of PM.  
Meanwhile, FEFSM uses DC field excitation (FE) as a main flux source. The current flow 
through to the winding produced magnetic field when an external DC voltage is applied, makes this 
kind of FSM is quite complicated to design. The cost of construction is very low because do not 
utilize permanent magnet.  
Hybrid excitation flux switching machines (HEFSMs) are those which utilize primary excitation 
by PMs as well as DC FEC as a secondary source. HEFSM is an alternative option where the 
advantages of both PM machines and DC FEC synchronous machines are combined [3]. This type 
of FSM have potential to improve variable flux capability, power and torque density, flux 
weakening performance and efficiency which have been researched over many years [4-6]. As one 
advantage of the DC FEC, the flux of PM can easily be controlled with variable flux control 
capabilities as well as under field weakening and or field strengthening excitation. Other than that, 
since all active parts are located in stator, HEFSM is easy to manage magnet temperature rise and it 
is expected that a simple cooling system can be used for this machine [7].  
Various combinations of stator slot and rotor pole of HEFSM have been developed for high-
speed application. All previous design HEFSM have armature coil and FEC, arranged in theta 
direction. But the machines with theta direction have problem of flux cancellation between FEC and 
AC. In order to eliminate the flux cancellation effect in original design, a new HEFSM having 12S-
14P with FEC in radial arrangement has been proposed. The proposed design has also the 
characteristics of improving torque performances as compare to the machine having theta direction. 
Comparisons between the original design of 12S-10P HEFSM with FEC in theta direction and the 
proposed 12S-14P HEFSM with radial direction are illustrated in Fig. 1.  
  
 
 
 
 
 
 
Design Restriction and Optimization 
The design restriction and specification of the proposed 12S-14P HEFSM is similar with 
conventional motor used in traction drives system with PM weight is set to 1.3kg, the limits of 
current densities are set to maximum of 30Arms/mm
2
and 30A/mm
2
 for armature winding and DC-
FEC, respectively. Since rotor structure is mechanically robust to rotate at high-speed, the target 
maximum operating speed is elevated up to 20,000r/min.  
The PM material used in for this motor is Commercial FEA package, JMAG-Designer ver.13.0, 
released by Japanese Research Institute (JRI) is used as 2D-FEA solver for this design. The PM 
material used is Neomax 35AH whose residual flux density and coercive force at 20C°is 1.2T and 
932kA/m, respectively while the electrical steel 35H210 is used for rotor and stator body. The 
initial torque and power obtained are 220.5Nm and 90.27kW respectively. 
Design Optimization 
In effort to increase the torque and power performance, design optimization approach is 
conducted to several design free parameter mark as D1 to D8 defined in rotor and stator part as 
shown in Fig. 2. The design parameters are divided into four group such as rotor parameters 
included rotor radius (D1), rotor pole height (D2), and rotor pole width (D3), PM length (D4), FEC 
slot parameters included FEC coil width (D5) and FEC slot height (D6), armature coil slot 
parameters are armature coil width (D7) and armature coil height (D8). The general optimization 
process is illustrated in Fig. 3.   
 
 
 
                           
Fig.1 Original and proposed design of HEFSM 
 
 
Fig. 2 Design free parameter, D1-D8 
(a) 12S-10P HEFSM in theta direction (b) 12S-14P HEFSM in radial direction 
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The first step is carried out by changing the rotor parameters, D1, D2 and D3 while keeping D4 
to D8 as constant. The torque and power performances of D1, D2 and D3 are illustrated in Fig.4, 
Fig. 5 and Fig. 6, respectively. From the graph, it is noticed that the torque and power increase with 
longer rotor radius, longer pole height and larger pole width. The rotor should have enough space to 
get all flux from stator. The torque and power obtained at D3 are 265.596Nm and 117.99kW, 
respectively. 
Furthermore, the second step is carried out by changing PM height by keeping weight with 
1.3kg. While increased D4 parameter, the distance between two field excitation coils become closer 
and produced more flux in FEC part. Torque and power versus D4 is plotted in Fig.7. Increase   
height of PM result in high torque. The torque obtained at D4 is 284.92Nm with corresponding 
power 112.39kW.  
Moreover, changing FEC parameters included D5 and D6 is conducted. While changing FEC 
parameters, the others parameters are keeping constant. Since the area changed, the number turns of 
FEC also different. When the area of FEC became larger, the torque also increased. Fig. 8 and Fig.9 
demonstrates the torque and power versus D6 and D3, respectively. The optimum torque calculated 
at D6 is 288.87Nm while the power is 122.14kW. 
 Then, armature coil parameters, D7 and D8 are updated as illustrated in Fig. 10 and Fig. 11, 
respectively. Increasing armature coil weight, armature coil slot are will also increase, which 
increases number of armature coil turn, Na and armature coil ampere turn. The torque is not 
increases when changing these two parameters. The design method above is repeatedly until 
optimum torque and power are achieved. While changing the parameters, finally the optimum 
torque and power of 305Nm and 130.14kW after 4 cycle of optimization is conducted as plotted in 
Fig. 12. The final design is illustrated in Fig. 13.  
 
 
 
 
 
 
 
 
 
 
Fig. 3 General optimization process 
  
   
 
 
   
 
 
 
    
 
 
 
Fig. 4 Torque and  power versus rotor radius, D1 Fig. 5 Torque and  power versus rotor pole height, D2 
Fig. 6 Torque and  power versus rotor pole width, D3 Fig. 7 Torque and  power versus PM height, D4 
Fig. 8 Torque and  power versus DC FEC width, D5 Fig. 9 Torque and  power versus DC FEC height, D6 
Fig. 10 Torque and  power versus armature coil width, D7 Fig. 11 Torque and  power versus armature coil height, D8 
Tmax 
Tmax 
Tmax 
Tmax Tmax 
Tmax 
Tmax Tmax 
                   Fig. 12 Optimization cycle                                                       Fig. 13 Final design 12S-14P HEFSM 
Conclusion 
In this paper, a new design of 12S-14P HEFSM with radial direction is discussed. Initially, the 
torque and power characteristic did not achieve the optimum requirements. Design free parameters, 
D1 to D8 are defined in rotor and stator part and for every changed in parameter to obtained 
optimum torque. After following several steps of design optimization, the torque and power 
increase to an acceptable condition.  
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